1 



(19) v 



(12) 



EuropSIsches Paterrtamt 
European Patent Office 
Office europeen des brevets 

EUROPEAN 



■iiiiiiiiiiiiiiiiiii 

(n) EP 0 831 306 A1 



< 

CO 
CO 



(43) Date of publication: 

25.03.1998 Bulletin 1998/13 

(21) Application number: 97104394.8 

(22) Date of filing: 14.03.1997 



(84) Designated Contracting States: 
CH DEESFR GBITUNL 

(30) Priority: 19.09.1996 JP 247538/96 
30.09.1996 JP 258814/96 

(71) Applicant: OVAL CORPORATION 
Tokyo (JP) 

(72) Inventors: 

• Gomi, Shingo 
Ebina-shi, Kanagawa (JP) 

• Krtami, Hirokazu 
Yokohama-shi, Kanagawa (JP) 

. Endo, Takashl 
Yokohama-shi, Kanagawa (JP) 



(54) Coriolis flowmeter 

(57) A resonantly drivable straight tube type Coriolis 
flowmeter which is capable of correcting instrumental 
errors caused by a change in density ^ 
of measurable fluid. A coaxial double tube body (10) 
that is composed of an inner tube (1) wherein fluid to be 
measured flows and an outer tube (2) with a balance 
weight (8) attached thereto for equalizing natural fre- 
quencies of the inner and outer tubes is driven at a res- 
onant frequency having a constant amplitude. A change 
of fluid density causes a change of amplitude ratoofthe 
inner tube (1 ) and the outer tube (2), resulting in shifting 
of an instrumental error. At this time, a resonant fre- 
quency detecting circuit (30) detects a resonant fre- 
quency without detecting the amplitude rata An 
instrumental error detecting circuit (40) stores a relation 
between resonant frequencies and fluid densrt.es and a 
relation between fluid densities and instrument errors 
and conducts correction of an instrumental error 
according to the detected resonant frequency An 
instrumental error caused by thermal defection of the 
inner tube (1) and the outer tube (2) which are different 
from each other in material and shape can be also cor- 
rected by using similar correcting means. 



PATENT APPLICATION 

(51) Int. a 6 : G01F1/84 



CO 
00 



Q. 

in 



• Matsuoka, Kenichi 
Yokohama-shi, Kanagawa (JP) 

. Ichinose, Wmihiro 
Yokohama-shi, Kanagawa (JP) 

• Futagawa, Osamu 
Yokohama-shi, Kanagawa (JP) 

• Kobayashi, Seiji 
Yokohama-shi, Kanagawa (JP) 

• Kobayashi, Kazuhide 
Yokohama-shi, Kanagawa (JP) 

(74) Representative: 

GrOnecker, Klnkeldey, 
Stockmalr & Schwanhausser 
Anwaltssozietdt 
Maximilianstrasse 58 
80538 MQnchen (DE) 



FIG.1 




Primed by Xerox (UK) Business Services 
2.15.12/3.4 



BEST AVAILABLE COPY 



EP0 831 306A1 



1 

Description 

BACKGROUND OF THE INVENTION 

The present invention relates to a Coriolis flowme- 5 
ter andmore particularly to a Coriolis flowmeter which 
" mprisin9 a flow <"be for allowing 

• nd resonart member secured at 
both end to the flow tube so being coaxial with or in par- 
anel to the flow tube and has a correcting means for cor- to 

^!?«! nStrUmental error by a difference of 

dens* of flujd a difference « temperature deforniatjon 

, | me :K Wh,beandadif,erenceo, tex- 
tures of the flow tube and resonant member, outputting 

a prease mass flow signal corrected for an instrumental is 
©rror. 

mat * S ™f known - a flowmeter is a mass f low- 

H I ? meaSures mass ,low ^e of fluid flowing in a 
^^^PPorted at both ends by oscillating a flow 
fctoeanddetecting a Coriolis force acting on aflowtube. 20 
which is proportional to the mass flow rate of the fluid 
The Coriolis force is detected as a difference of phases 
produced at symmetrical positions between the sup- 

fhe^K" 8 Ce " ier P ° rti0n * * e ,tow when 
the ftow tube is dnven alternately at its center portion in *s 
a direction perpendicular to the supporting ax* 

ab ° ve - mentioned flowmeter may be formed in 
small size for easy maintenance if its measuring conduit 
is a singular straight flow tube. However, a large energy 
may be required to drive the straight flow tube at a spec- 30 
rfjedamplrtudearKiadisp.acememva.ueneces4*for 
determining a phase difference is small. Consequently 
tj^ngle-stnught conduit type flowmeter may be easily 
affected by any external vibration and may have a 
decreased signal-to-noise ratio. 35 
To solve the above-mentioned problems the 
aP ? iCant Piously Proposed such a Coriolis 
flowmeter that has a coaxially double-walled corxS 
composed of an inner tube (flow tube) in which a fluid to 
be measured flows and an outer tube (resonant mem- 40 

tobe and having an attached thereto balance weight for 
equalizing a natural frequency of the outer tube to a nat- 

* anti-phaseiy at a resonant fre- 4s 
quency having a constant amplitude. 

The above-mentioned Coriolis flowmeter whose 
inner tube can vibrate at a large amplitude, being driven 
by a small energy and which can. therefore. dWa 

^^eter that is small and easy to maintain. This 
flowmeter, however, involves such a problem that a 
change in density of a fluid to be measured causes a 
change in frequency amplitude ratio of the inner tube 
and the outer tube and results in an instrumental error 55 

2 JL T ,nverBe function of me density when 
an exerting frequency of the inner tube and the outer 
tube is controlled to always have a constant amplitude 



of a driving frequency. Consequently, the flowmeter was 
sl.ll required to have a higher accuracy of measuring a 
massflow-rate of fluid having a wide range of its density. 

Furthermore, the flowmeter which has the flow tube 
and tte resonant member which is disposed coaxially or 
parallel to the flow tube, being supported at both ends 
hereon, and adjusted to have a natural frequency equal 
to a natural frequency of the flow tube, may have Tfre- 
quency difference between the flow tube and the reso- 
nant member in consequence of change of the resonant 
frequency by the influence of an external temperature 
flurt temperature and a differential temperature 

frtT" ^ »*• and the res °™« This 
frequency difference causes an error in case of correct- 
ng an instrumental enor or determining a density of 

The above-mentioned Coriolis flowmeter is small 
and easy to use and maintain since its inner tube is 
coaxially connectable at both ends to external pipings 
assunng easily cleaning off its inner wall and eas£ 
mounting in a small space. However, the flowmeter 
must work usually with various kinds of fluid having dif- 
™Jt mpera,ures and density, which flow in the inner 
fcbe of the coaxial double-straight-tube body. This may 
change fee natural frequency of the flowmeter body 
STS . Ph f e differ6nCe measurin 9 system of the 
^ a , Chan99d 'dental error. 
Accordingly, the coaxial double-straight-tube type Cori- 
ote flowmeter requires correction of an instrument enor 

H bacaused due t0 Physical property of fluid to 
be measured therein. 

SUMMARY OF THE INVENTION 



feJZ ?T* thafore 9° in 9' rt 'S an object of the present 
invention to provide a double resonant straight conduit 

Z^l teS ^T 6traiflhl COnduit ^ flowm- 
eter which includes means for automatically conecting 
an instrumental error (displacement) resulted from a 

TSZT 6nSity 01 8 ,luid 40 be measured according to 
a predetermined relation between the fluid density and 

IlZJlT'T 1 ,reqUenCy and a redetermined 
I™ i^T f ,,U ' d density and *e instrument 
error, both of which are stored in a storage 

^er object of the present invention is to provide 

J^l™ 0 ?!*? 9 * CO " durt " P aral,e ' resonant 
araght condurt type Coriolis flowmeter which can store 
predetermined data on a relation between resonant fr* 
quency and the instrumental enor for a plurality of fluids 

^ZTT denSity a and "as means for 

autorratically conecting an instrumental error according 
to a drfference of resonant frequency of the measured 
nuw I from the stored resonant frequency of the fluid hav- 
ing a known density. 

a 0bi6Ct 01 1,16 present invenfon is to provide 

re !^ nant Strai9ht COnduit °r Parallei resonant 
straight condurt type Coriolis flowmeter which has 
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means for automatically compensating a frequency dif- 
ference caused by differential thermal change of elastic 
coefficients and secondary sectional moments of the 
flow tube and the resonant member which are different 
from each other in material and shape and, therefore, 
differently deform due to temperature change. 

Another object of the present invention is to provide 
a double resonant straight conduit or parallel resonant 
straight conduit type Coriolis flowmeter which has 
means for automatically compensating a frequency dif- 
ference corresponding to an axial load caused by a ther- 
mal expansion of the flow tube wherein fluid of different 
temperature flows and a thermal expansion of the reso- 
nant member disposed near to the flow tube. 

It is another object of the present invention to pro- 
vide a Coriolis flowmeter converter representing a mass 
flow calculator which can easily determine respective 
compensative instrumental errors by comparing with 
reference values measured with a flow of fluid previ- 
ously corrected and standarized so as to correct a sub- 
stantial instrumental error plus respective instrumental 
errors caused under the effect of temperature and den- 
sity of fluid flowing in the coaxial double-straight-tube 
type Coriolis flowmeter. 

BRIEF DESCRIPTION OF THE DRAWINGS 



Fig. 1 is a view for explaining a construction of a 
Coriolis flowmeter embodying the present invention. 

Fig. 2 is a graph for explaining an embodiment of 
the present invention, which is defined in daim 1 . 

Fig. 3 is a graph for explaining an embodiment of 
the present invention, which is defined in claim 2. 

Fig. 4 is a view for explaining a construction of 
another Coriolis flowmeter embodying the present 
invention, which is defined in claims 3. 4. 

Fig. 5 is a view for explaining a Coriolis flowmeter 
converter embodying the present invention which is 
defined in claim 5. 

Fig. 6 is a view for explaining an embodiment of the 
present invention, which is defined in claim 6. 

PREFERRED EMBODIMENTS OF THE INVENTION 

A Coriolis flowmeter having a body composed of a 45 
coaxial double conduit is taken by way of example as an 
embodiment of the present invention and its operation 
will be first described below. 

Fig. 1 is illustrative of a configuration of a Coriolis 
flowmeter embodying the present invention. In Fig. 1. so 
the flowmeter comprises an inner tube 1 , an outer tube 
2 ring flanges 3, 4, a vibrator 5, sensors 6. 7. a balance 
weight 8, a double oscillating conduit 1 0, a driving circuit 
20 a resonant frequency detecting circuit 30, an instru- 
mental error correcting circuit 40, a mass flow-rate cal- ss 
culating circuit 50 and an output terminal 51 . 

The double oscillating conduit 10 is composed of 
the inner tube 1. the outer tube 2 and the balance 



weight 8. The inner tube 1 is a straight conduit whose 
axis is shown by 0-0 and in which fluid to be measured 
flows. The outer tube 2 having ring flanges 3 and 4 at 
both ends, by which it is coaxially mounted on the exter- 
5 nal cylindrical surface of the inner tube 1 . The balance 
weight 8 is secured to a center portion of the external 
wall of the outer tube 2. This balance weight 8 is used 
for making a natural frequency of the outer tube 2 equal 
to the natural frequency of the inner tube 1 . 
10 The weight of the balance weight 8 is adjusted to 
the natural frequency determined in view of the weight 
including mass of the vibrator 5 for driving the double- 
wall conduit and mass of the sensors 6 and 7. 

The vibrator 5 is composed of. e.g.. a coil 5a 
75 attached to the outer tube 2 and core 5b coaxially 
mounted to the inner tube 1 . The coil 5a is exerted in a 
closed loop by the driving circuit 20 whereto a signal 
from either one of two sensors 6 and 7 (to be described 
later) is inputted. The inner tube 1 and the outer tube 2 
20 are driven anti-phasely relative to each other at a reso- 
nant frequency of a constant amplitude. 

The sensors 6 and 7 have the same standard char- 
acteristics and disposed at symmetrically opposite posi- 
tions relative to the vibrator 5 on the double-wall conduit 
25 10. Each sensor 6. 7 consists of a coil 6a, 7a and a 
magnet 6b. 7b. which are coaxially mounted on the 
outer tube 2 and the inner tube 1 respectively. They are 
used for detecting a relative displacement of the inner 
tube 1 and the outer tube 2. 
30 The vibrator 5 alternately drives the inner tube 1 
into vibration in the direction perpendicular to the axis 0- 
0 at an alternate resonant frequency having a specified 
amplitude. Consequently. Coriolis force acts on the 
inner tube 1 in opposite directions at the positions of the 
35 sensors 6 and 7 which in this case generate output sig- 
nals to produce a phase difference AT proportional to 
the coriolis force. Therefore, this phase difference AT is 
proportional to a mass flow-rate Q m . The phase differ- 
ence AT is also proportional to an amplitude 6, of the 
40 inner tube 1 for measuring a flow rate of fluid and has 
the following expression (1): 



AT-K^^ 



0) 



where K 1 is a constant. 

The amplitude &, is a function of density of fluid to 
be measured and expressed by the following equation 
(2): 



6, = 



K 5 



(2) 



where K 2 to K 5 are constant values. 

Namely, a change of fluid density is inevitably 
accompanied by a change of the amplitude 6, of the 
inner tube with a change of an amplitude ratio of the 
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outer tube 2 relative to the inner tube 1 even if the inner 
tube 1 and the outer tube 2 are driven by the vibrator 5 
at the relatively same amplitude. Consequently, the 
amplitude 6, of the inner tube 1 varies as an inverse 
function of density p according to the equation (2). 

A total mass applied to the inner tube 1, which is 
determined by aiding together mass values of the 
vibrator 5, the sensors 6, 7 and the inner tube 1 itself A 
mass of fluid having density p within the inner tube 1 is 
further added thereto to obtain a mass Am, per unit of 
the inner tube 1 . Expressing a natural frequency as f in 
this case, this unit mass Am, can be expressed as fol- 
lows: 



: i_ rz 

2 " V K 8Ar 



+ K 7 



(3) 



where Kg to Kg are constant values. 

Am ( =K 10 + K 1lP 



(4) 

where K 10 and K t , are constant values. 

The natural frequency f of the inner tube wherein 
the fluid having the density P can be expressed as a 
function F( P ) of the density p only by erasing the ampli- 
tude 6, of the inner tube 1 from Equations (2), (3) and 



f = F(p) 



(5) 



Therefore, the fluid density (p) can be determined 
according to Equation (5) if the frequency f of the vibra- 
tor resonantly driven by the driving circuit 20 is detected 
by the resonant frequency detector 30. 

If the relation between the fluid density p and the 
resonant frequency f (i.e.. the natural frequency) of the 
inner tube 1 is known, the fluid density Pl can be deter- 
mined from the measured resonant frequency f. accord- 
ing to Equation (5). When the fluid density p. is 
determined, an instrumental error can be corrected by 
using previously stored data on a relation between den- 
sity and instrumental error. 

The present invention is directed to correction of an 
instrumental error caused by a change of fluid density 
by determining a first relation (fluid density-resonant fre- 
quency) and a second relation (fluid densfty-instrumen- 

ZJZ*L f™.!"? the measured data, determining 
density of fluid by comparing a resonant frequency 
measured with a fluid flow to the first relational data 
determining an instrumental error from the obtained 
density by comparing the later to the second relational 
data and compensating the determined instrumental 
error. 

Figs. 2(A) and 2(B) are views for explaining an 
embodiment of the present invention, fig. 2(A) is a 
graph (curve A) showing relation between fluid density p 



and resonant frequency f. Fig. 2(B) is a graph (curve B) 
showing relation between fluid density p and instrumen- 
tal error E. 

The curve A of Fig. 2(A) is plotted by taking fluid 
s density p as abscissa (horizontal axis) and resonance 
frequency f as ordinate (vertical axis). This curve relat- 
ing the function of Equation (5) is previously determined 
by calculation or experiment and stored as the first rela- 
tion data in the instrumental enor correction circuit 40 
to The curve B of Fig. 2(B) is plotted by taking fluid density 
P as abscissa and instrumental error as ordinate This 
curve is previously determined by calculation according 
to Equations (2) and (1) or experiments on the condition 
that fluid having a reference density Po . e.g.. water at a 
is specified temperature is taken as reference fluid for 
which an instrumental error E c is defined as 0 (Eq=0) 
The characteristic data is stored as the second relation 
data in the instrumental error correction circuit 40 A 
fluid density Pt corresponding to a measured resonance 
20 frequency f, is determined from the curve A of Fig 2(A) 
then an instrumental error E t corresponding to the 
determined fluid density p, is determined from the curve 
01 F, 9- 2 ( B > A deviation AE of the determined instru- 
ment error E Q from the reference value E 0 is calculated 
2S and corrected. 

A relation between an instrumental error and a fre- 
quency difference Af (between a resonance frequency f 
of a fluid and a reference resonant frequency f Q of refer- 
ence fluid having the reference density) can be stored 
30 and used for correcting an instrumental error. The 
present invention is also directed to correction of an 
instrumental error resulted from a change of fluid den- 
sity by previously determining and storing a relation 
between instrumental error deviations and resonance 
ss frequency differences (from the resonant frequency of 
the reference fluid) for a plurality of fluids having differ- 
ent density values, determining a frequency difference 
by companng a resonant frequency measured with a 
flow of fluid to the stored data, determining 
40 . v R 9- 3 '"s a view for explaining another embodiment 
of the present invention. In Fig. 3. the graph (line C) 
shows a relation between resonant frequency and 
instrument error E. 

The graph of Fig. 3 indicates resonance frequency 
45 f on the horizontal axis (x-axis) and instrument error E 
on the vertical axis (y-axis). The line C is plotted pass- 
ing two points and P 2 which are intersection of per- 
pendiculars from the x-axis and the y-axis respectively, 
i.e.. P, is fixed by the abscissa of a resonance fre- 
so quency (reference frequency) f Q1 with a flow of fluid 
having a known density (e.g., water of 20°C and by the 
ordmate of an instrumental error E Q1 (Eq^O) and P 2 is 
fixed by the abscissa of a resonance frequency f 02 with 
a flow of fluid having a known density (e.g.. 0.7 g/cc of 
oil) and by the ordinate of an instrumental error E~> 
The data of the line C is stored in the instrumental error 
correction circuit 40 which determines a frequency dif- 
ference Af between resonant frequency f, (measured 
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with a flow off object fluid) and the reference resonance 
frequency f Q and find a point P t at which perpendicular 
from the abscissa of f t intersect with the line C and the 
ordinate E, corresponding to the point P t , then deter- 
mines a deviation AE of instrumental error from the ordi- 
nate E t and corrects the instrumental error, for example, 
as (AE%/AfHz). Although the line C is indicated for clar- 
ity as a straight line, it may be represented strictly as a 
curve. 

The above-mentioned features of the present 
invention relate to correction of instrumental errors 
caused by a change in density of fluid to be measured. 
The Coriolis flowmeter, however, may still be influenced 
by temperature (e.g., temperature-dependent change of 
sensitivity and frequency) besides above-mentioned 
effect of fluid density. 

In a double-walled straight conduit type Coriolis 
flowmeter, an inner tube 1 and an outer tube 2 compos- 
ing a double-walled conduit are usually different from 
each other in material and sectional shape. When the 
inner tube 1 and the outer tube 2 are thermally 
deformed, natural frequencies of respective tubes, 
which are defined according to materials and shapes, 
may differently change resulting in changing a coupled 
frequency, i.e., resonant frequency of the double-walled 
straight conduit changes being accompanied by an 
instrumental-error shift Therefore, it is necessary to 
compensate an instrumental error due to a temperature 
change. 

The present invention is also directed to correction 
of an instrumental-error shift caused when an inner tube 
and an outer tube change their temperatures respec- 
tively. 

Fig. 4 is illustrative of a configuration of a Coriolis 
flowmeter embodying the present invention. In Fig. 4, 
there is shown an inner tube 1 , an outer tube 2, ring 
flanges 3, 4, a vibrator 5. sensors 6, 7, a balance weight 
8, temperature sensors 9a, 9b, an oscillating coaxial 
double-tube body 10, a driving circuit 20, a resonant fre- 
quency detecting circuit 30, an instrumental error cor- 
recting circuit 40, a mass flow-rate calculating circuit 50, 
an output terminal 51 . 

When the inner fluid-flow tube has a sectional sec- 
ondary moment l 1t mass M 1 and an elastic modulus E 1 
and the outer tube 2 has a sectional secondary moment 
l 2 , mass M 2 and an elastic modulus E 2 , a natural fre- 
quency f 1 of the inner tube 1 is expressed by Equation 
(6) and a natural frequency f 2 of the outer tube 2 is 
expressed by Equation (7). 

where K 12 and K 13 are constant values. 

A natural frequency f 2 of the outer tube 2 is 
expressed as follows: 



s where K 1 4 and K 1 5 are constant values. 

The inner tube 1 having the natural frequency ^ 
determined by Equation (6) and the outer tube 2 having 
the natural frequency f 2 determined by Equation (7) pro- 
duce a coupled frequency f, i.e., a resonant frequency f 

io which can be expressed by Equation (3). However, the 
elastic moduli E 1( E 2 and the sectional secondary 
moments l 1( l 2 changes as their temperatures change. If 
the elastic moduli E 1p E 2 and the sectional secondary 
moments l 1( ^ change to E' 1( E' 2 and P 1t P 2 respectively 

is as the temperature changes from the initial value by a 
value t, the elastic moduli E'-j , E' 2 and the sectional sec- 
ondary moments P 1f l 2 have the following expressions, 
wherein a and p are temperature coefficients: 

20 E^ofl +at)E 1 (8) 

E 2 ' = (1+at)E 2 (9) 

■ i"-<i + Mii 00) 

25 

l 2 ' = (1 + Pt)l 2 (11) 

When (Ei) is considered as a reference value and a 
constant y is used, the following expressions are 
30 obtained. 

(E^y-P+lflEili (12) 
(E 2 l 2 )' = (1 +Y t)E 2 l 2 (13) 

35 

The natural frequency f 1 ' of the inner tube 1 and the 
natural frequency f 2 of the outer tube 2 are calculated 
according to Equations (6) and (7) by substituting the 
above-mentioned equations (8) to (11) or Equations 

40 (12) to (13) into the corresponding Equations (6) and 
(7). The reference resonant frequency f is obtained 
from Equation (3) and a frequency difference Af is then 
calculated. The instrumental error is calculated against 
the determined frequency Af and corrected. 

45 The inner tube 1 and the outer tube 2 are coaxially 
supported and compose a double-wall straight conduit. 
When fluid flows, the inner tube 1 changes its tempera- 
ture heated by the fluid, causing a difference of its wall 
temperature from the wall temperature of the outer tube 

so 2. At the same time, the inner and outer tubes thermally 
expand and produce different stresses therein in the 
axial direction. These stresses cause the resonant fre- 
quencies of the respective tubes. A co mpr ess ivestr ess 
reduces the resonant frequency of each tube whereas a 

55 tensilestress increases the resonant frequency. Accord- 
ingly, if the inner tube 1 gets a high temperature, its fre- 
quency V becomes smaller and the frequency f 2 * of the 
outer tube is increased. So, the coupled frequency f is 
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influenced. 

The present invention is also directed to correction 
of a change of resonant frequency due to a load P 
resulted from thermal stresses produced in an inner 
tube 1 and an outer tube 2 in their axial directions when 
the inner tube changes its temperature being heated by 
fluid flowing therein, causing a difference of tempera- 
tures of two tubes. 

The inner tube 1 and the outer tube 2 are provided 
with temperature sensors bonded one to each tube for 
detecting wall temperature of the respective tubes The 
elastic moduli E and the sectional secondary moments 
Nn Equations (6) and (7) are corrected according to 
Equations (8) to (11) or Equations (11) and (12) then 
the natural frequency f 1 ' of the inner tube 1 and the nat- 
ural frequency f 2 ' of the outer tube 2 at their detected 
temperatures are determined. Further, stresses acting 
on the inner tube 1 and the outer tube 2 are multiplied 
by respective correction factors and natural frequencies 
of respective tubes when the stresses are applied to 
them. 

The natural frequency f 1 " of the inner tube 1 and the 
natural frequency f 2 " of the outer tube 2, which have 
been corrected for the stresses produced are 
expressed as follows: 



f 2 w = K 17 , f 2 * 



(14) 
(15) 



where K 16 and K 17 are correcting factors. 
A coupled frequency f can be now determined accord- 
ing to Equation (3) by applying Equations (14) and (15). 

A correction factor C for correcting a natural fre- 
quency of a tube fixed at both ends in the case the load 
P is applied in the axial direction thereof is expressed 
generally as follows: 



c.(k, s .k,„%3 



(16) 



where K 18 to K 20 are constants. 

Accordingly, it is possible to make correction for a 
frequency difference Af of the resonant frequencies r 
including the influence of the stresses of respective 
tubes, which can be calculated by using input tempera- 
ure signals of respective tubes and Equations (14) and 
(15) stored in the instrumental-error correcting circuit 

Fig. 5 is illustrative of a configuration of a Coriolis 
flowmeter embodying the present invention. In Fig 5 
there is shown an inner tube 1, an outer tube 2, ring 
flanges 3, 4, a vibrator 5. sensors 6, 7, a balance weight 
8, temperature sensors 9a, 9b, an oscillating coaxial 
double-tube body 10. a driving circuit 20, a resonant fre- 
quency detecting circuit 30, an instrumental error cor- 
recting circuit 40, a mass flow-rate calculating circuit 50 
an output terminal 51, a mass-flowmeter converter 60 ' 



The oscillating double-tube body 10 is composed of 
the inner tube 1, the outer tube 2 and the balance 
weight 8. The inner tube 1 is a straight tube whose axis 
is shown by 0-0 and in which fluid to be measured flows 
5 The outer tube 2 having ring flanges 3 and 4 at both 
ends, by which it is coaxially mounted on the external 
wall of the inner tube 1 . The balance weight 8 is secured 
to a center portion of the external wall of the outer tube 
2. This balance weight 8 is used for making a natural 
w frequency of the outer tube 2 equal to the natural fre- 
quency of the inner tube 1 . 

The weight of the balance weight 8 is adjusted to 
the natural frequency determined for the outer tube 
weight including mass of the vibrator 5 for driving the 
15 double-tube body 10 and mass of the sensors 6 and 7. 
The temperature sensor 9a for sensing a tempera- 
tire of the inner tube 1 is attached to the external wall of 
the inner tube and the temperature sensor 9b for sens- 
ing a temperature of the outer tube 2 is attached to the 
20 external wall of the outer tube 2. Both temperature sen- 
sors 9a and 9b are connected to the instrumental error 
correcting circuit 40 by wiring through a through hole 
made in the wall of the outer tube 2 or by using a con- 
necting terminal. 
25 ne vibrator 5 is composed of, e.g., a coil 5a 
attached to the outer tube 2 and core 5b coaxially 
mounted to the inner tube 1 . The coil 5a is excited by the 
driving circuit 20 whereto a signal from either of two 
sensors 6 and 7 is inputted. The oscillating double-tube 
so body 10 composed of the inner tube 1 and the outer 
tube 2 is driven at a resonant frequency of a constant 
amplitude. 

The sensors 6 and 7 have the same standard char- 
acteristics and disposed at symmetrically opposite posi- 
35 tons relative to the vibrator 5 on the double-straight- 
tube body 10. Each sensor 6, 7 consists, for example of 
a coil 6a. 7a and a magnet 6b, 7b. which are coaxially 
mounted on the outer tube 2 and the inner tube 1 
respectively. Both sensors are connected to the mass- 
40 flow calculating circuit 50. They are used for detecting 
phase signals at detecting positions determined from a 
relative velocity displacement between the inner tube 1 
and the outer tube 2. The phase difference signal is pro- 
duced from two phase signals and a mass flow is deter- 
45 mined from said phase different signal. 

The mass-flowmeter converter 60 comprises the 
driving circuit 20, the resonant frequency detecting cir- 
cuit 30. an instrumental error correcting circuit 40 and 
the mass flow-rate calculating circuit 50. 
so As described above, the driving circuit 20 drives the 
vibrator 5 to vibrate the oscillating double-tube body 10 
at a resonant frequency having a constant amplitude 
This circuit forms a closed-loop type resonantly driving 
system that detects a signal from either one of paired 
55 sensors 6, 7. amplifies the detected signal and drives 
the vibrator 5. The resonant frequency may widely vary 
depending upon density and temperature of fluid and 
the mounting conditions of the flowmeter. Accordingly, 
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the resonant frequency is an essential factor that 
decides the compensative instrumental error according 
to the present invention. It is detected by the resonant 
frequency detecting circuit 30. 

The instrumental error correcting circuit 40 is an 
essential portion featuring the mass-flowmeter con- 
verter 60 according to the present invention. 

If a measuring tube supported at both ends by sup- 
porting means is supposed to be driven with a constant 
amplitude of vibration, the driving frequency may vary 
under the influence of temperature, pressure and den- 
sity of fluid and elastic modulus of measuring tube 
material. Similarly, the inner tube 1 of the oscillating 
double-tube body 10 may change its resonant fre- 
quency under the influence of temperature, pressure 
and density of fluid and elastic modulus of its material. 
Furthermore, the oscillating double-tube body 10 may 
vary natural frequencies of the inner tube 1 and the 
outer tube 2 owing to a difference of temperatures of 
two tubes, a difference of resultant thermal stresses in 
respective tubes and differences of materials and 
shapes of the tubes. The amplitude ratio between the 
inner tube 1 and the outer tube 2 may therefore change 
even if they are driven at a constant amplitude of vibra- 
tion. 

Thus, the oscillating double-tube body 10 in com- 
parison with the single straight tube presents compli- 
cated phenomena of vibration. In a resonant vibration 
system, the oscillating double-tube body 10 may have a 
complicated vibration mode defined by physical prop- 
erty and quantity of state of measurable fluid and by 
materials and shapes of its components, causing a 
change of the instrumental error of the flowmeter. 
According to the present invention, factors causing a 
change of the instrumental error are classified into a 
change of temperature of the inner tube 1, a tempera- 
ture difference between the inner tube 1 and the outer 
tube 2 and a change of resonant frequency of the oscil- 
lating double-tube body 10. Namely, instrument errors 
that are usually determined by performing complex cal- 
culations are classified into a first compensative instru- 
mental error value resulted from a change of 
temperature of the inner tube 1 , a second compensative 
instrumental error value resulted from a temperature dif- 
ference between the inner tube 1 and the outer tube 2 
and a third compensative instrumental error value 
resulted from a difference of resonant frequencies. A 
total instrumental error value is determined by adding 
together these three kinds of instrumental error values 
and then corrected. 

The first compensative instrumental error value to 
be determined for a change of the inner tube tempera- 
ture is an instrument error which is supposed to be 
caused by thermal expansion of the inner tube 1 only 
and is separated from a total instrumental error. This 
instrumental error is determined in the following man- 
ner: 

A reference temperature of a reference fluid is first 



defined, for example, at 0°C and an instrumental error is 
calculated in proportion to a difference between a fluid 
temperature (measured value) and the reference tem- 
perature value. The first compensative instrumental 
error value Ct has the following expressions: 



a = K n (Tx-Ta) 



(17) 



where Ta is reference temperature and K n is a predeter- 
w mined constant of proportionality. 

The second compensative instrumental error value 
Cdt caused by a temperature difference At between the 
inner tube 1 and the outer tube 2 is such that the tem- 
perature difference causes thermal stresses acting on 
is the inner tube 1 and outer tube 2 to change respective 
axial loads, resulting in changing their vibration mode. 
TTiis causes an instrumental error that is separated from 
a total instrumental error. The second instrumental error 
Cdt is determined by using a relation with a variable At 
20 (the above-mentioned temperature difference At) and 
coefficients Ka, Kb and Kc. Namely, it is expressed as 
follows: 



Cdt = KaAt 2 + KbAt + Kc 



(18) 



The third compensative instrumental error value 
caused by a resonance frequency difference Af of the 
oscillating double-tube body 10 is such that the inner 
tube 1 with a flow of fluid having a different density may 
30 change its natural frequency, thereby a coupled fre- 
quency (i.e.. resonant frequency) formed by natural fre- 
quencies of the inner tube 1 and the outer tube 2 
changes, causing an instrumental error to be corrected. 
An instrumental error caused by a density difference of 
35 fluid flowing in the inner tube 1 is defined according to a 
ratio of the inner-tube oscillation amplitude to the outer- 
tube oscillation amplitude. However, very complicated 
vibrational calculation must be conducted to determine 
the above-mentioned instrumental error. As it is difficult 
40 for the proposed converter to include a circuit for per- 
forming such complex calculation, the present invention 
adopts the following means: 

A resultant instrumental error concerns a resonant 
frequency difference Af. It is also proportional to a 
45 measured (fluid) frequency fx as well as a difference 
between the measured frequency fx and a reference 
(fluid) frequency ft corrected and standarized on the 
basis of a spring constant p of the inner tube 1 and a dif- 
ference between reference temperature Tw. Namely, the 
so instrumental error is defined as an error whose value is 
inversely proportional to a period Pw of the frequency ft 
(e.g.. at reference temperature 0°C). The third compen- 
sative instrumental error value Cf is therefore calculated 
according to the following expressions: 



55 



fx = fx-ft OS) 
«fx{1/(1+P(Tx-Tw) 05 ]/Pw 
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CF = Afx 2 + Bfx + C 



(20) 



where A,B and C are coefficients. 

Accordingly, a total instrumental error AE consists 
of the first compensative instrumental error value Ct (for s 
compensating an error caused by a temperature of the 
inner tube), the second compensative instrumental 
error value Cdt (for compensating an error caused by a 
temperature difference At between the inner tube 1 and 
the outer tube 2) and the third compensative instrumen- w 
tal error Cf (for compensating errors caused by fluid 
density difference Ap and by a resonant frequency dif- 
ference Af). The instrumental error correcting circuit 40 
outputs the total instrumental error AE determined 
according to the following expression: r5 



AE = Ct + Cdt + Cf 



(21) 



The mass-flow calculating circuit 50 obtains a 
phase difference signal AT proportional to a Coriolis 20 
force outputted from the sensors 6 and 7 and deter- 
mines a mass flow Qa proportional to the phase differ- 
ence signal AT The determined mass flow Qa is a value 
corrected for the instrumental error AE determined by 
Equation (21). Namely, the mass flow Qa has the follow- 25 
ing expression where ka is a proportionality constant of 
the phase difference signal At for calculating the mass 
flow. 



Qa = Ka (1 + AE)AT (22) 
= Ka(1+Ct + Cdt + Cf)AT 1 ' 



30 



A signal of mass flow Qa corrected for the above- 
mentioned instrumental error AE is finally outputted 
through the output terminal 51 . 35 

Although coaxial double-tube type Coriolis flowme- 
ters were described hereto with reference to Figs there 
is still a straight-tube type conduit Coriolis flowmeter 
which has a single flow tube provided with a counter- 
balance supported in parallel to the flow tube. This type 40 
Coriolis flowmeter involves the same problems as the 
double-tube type Coriolis flowmeter. 

The present invention is also directed to enabling 
the parallel-tube type Coriolis flowmeter to make the 
same kinds of correction of instrumental errors as as 
described for the coaxial double-tube type Coriolis flow- 
meter. 

Fig. 6 is a sectional view of an embodiment of the 
present invention. In Fig. 6, numeral 11 designates a 
flow tube, numeral 12 designates a counter-balance so 
and numerals 13 and 14 designate supporting plates. 
Other components similar in function to those shown in 
Fig. 1 are given the same numerals. 

The Coriolis flowmeter shown in Fig. 6 has a 
straight flow tube 1 1 wherein fluid to be measured flows ss 
and a counter-balance 12 supported, parallel to the flow 
tube, on supporting plates 13 and 14. The counter- bal- 
ance is provided with a balance weight 8 attached 



thereto for making a natural frequency of the counter- 
balance 12 equal to a natural frequency of the flow tube 
1 1 . The flow tube 1 1 and the counter-balance 1 2 have a 
vibrator 5 at their center portions and sensors 6 and 7 
arranged symmetrically at the same distance from the 
vibrator 5. Furthermore, the f tow tube 1 1 and the coun- 
ter-balance 12 are resonantly driven by the vibrator 5, 
both being supported on the supporting plates 13 and 
1 4. The counter-balance may be a rod, tube or plate. 

In the Coriolis flowmeter shown in Fig. 6, fluid flows 
in the flow tube 11 only and the counter-balance 12 is 
supported apart from and parallel to the flow tube 1 1 
and has a constant weight 8. Therefore, the effects of 
density and temperature of fluid and temperature differ- 
ence between the flow tube 1 1 and the counter-balance 
12 are similar to those described for the double straight 
tube type Coriolis flowmeters of Figs. 1, 4, 5. Accord- 
ingly, the same instrumental-error correcting means as 
described the above can be applied to the single flow- 
tube type flowmeter of Fig. 6. 

As apparent from the foregoing description, accord- 
ing to the present invention, it is possible to provide fol- 
lowing advantageous effects: 

An instrumental error caused by a change in den- 
sity of measurable fluid can be corrected by only detect- 
ing a resonant frequency with no need for detecting 
frequency ratio between the inner tube and the outer 
tube. 

The same effect can be obtained by only storing a 
relation between resonant frequencies and instrumental 
errors, i.e., enabling conducting the instrumental error 
correction at a lower cost. 

A change of instrumental error, which is caused by 
a temperature change of inner tube even in the case 
that the inner tube differs from the outer tube in material 
and shape can be corrected by using a simple correct- 
ing circuit. 

When the inner tube is heated by fluid flowing 
therein and changes its temperature, different axial 
stresses are produced in the inner tube and the outer 
tube by the effect of difference of their temperatures but 
a resulted instrumental error can be easily corrected. 

According to the present invention, it is possible to 
provide a converter which enables a coaxial double- 
straight-tube type Coriolis flowmeter to accurately 
determine a mass flow-rate of fluid by automatically cor- 
recting a total instrumental error caused by a change of 
natural frequencies of inner and outer tubes due to a 
change of fluid temperature and density in such a man- 
ner that a first compensative instrumental error value Ct 
caused by a simple thermal expansion of the inner tube, 
a second compensative instrumental error value Cdt 
caused by a temperature difference between the inner 
tube and the outer tube and a third compensative instru- 
mental error value Cf caused by a difference Af between 
a measured resonant frequency (for measured fluid) 
and a corrected and standarized frequency (for refer- 
ence fluid) are separately calculated and added 
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together to obtain the total instrumental error for which 
the measured mass f tow is corrected. This converter is 
simple and inexpensive and eliminates the necessity of 
conducting complex calculations to correct measure- 
ment results. 5 

According to the present invention, it is possible to 
provide a small and high-accuracy straight-tube type 
Coriolis flowmeter which is reliable to measure mass 
flow without being affected by fluid density and temper- 
ature conditions like the coaxial double straight tube 10 
type Coriolis flowmeters according to the present inven- 
tion. 



Claims 

1 . A coriolis flowmeter comprising: 
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a double conduit composed of an inner tube (1) 
in which fluid to be measured flows and an 
outer tube (2) coaxially mounted on the inner 20 
tube (1) and secured at both ends (3, 4) 
thereto, said outer tube (2) having a balance 
weight (8) attached thereto for equalizing a nat- 
ural frequency of vibration of the outer tube (2) 
with a natural frequency of vibration of the inner 2s 
tube (1); driving means (5, 20) for driving the 
double-wall conduit (10) at a resonant fre- 
quency; a pair of sensors (6, 7) for detecting a 
change in phase proportional to a Coriolis force 
acting on the double-wall conduit (10); anda so 
mass flow-rate calculator (50) for determining a 
mass flow rate according to an output of the 
sensors (6. 7); characterized in that further pro- 
vided with storage means for storing data on a 
first relation between a previously defined den- 35 
sity of the fluid and the resonant frequency and 
data on a second relation between said density 
of the fluid and an instrumental error, and 
instrument error correcting means (40) for 
determining a density of a measured fluid by 40 
comparing a resonant frequency when the fluid 
flowed in the Coriolis flowmeter with the first 
relation data stored in the storage means and 
correcting an instrument error by comparing 
the determined fluid- density with the second 45 
relation data stored in the storage means. 

2. A coriolis flowmeter comprising: 



double-wall conduit (10) at a resonant fre- 
quency; a pair of sensors (6. 7) for detecting a 
change in phase proportional to a Coriolis force 
acting on the double-wall conduit (10); and a 
mass flow-rate calculator (50) for determining a 
mass flow rate according to an output of the 
sensors; characterized in that further provided 
with storage means for storing data on a rela- 
tion between frequency differences and instru- 
mental error-shift differences relative to a 
previously known standard resonant frequency 
and instrumental-error correcting means (40) 
for correcting an instrumental error according 
to a difference between the standard resonant 
frequency stored in the storage means and a 
frequency measured when fluid flowed in the 
coriolis flowmeter. 

3. A coriolis flowmeter as defined in any one of claims 
1 and 2, characterized in that the inner tube (1) and 
the outer tube (2) have respective temperature sen- 
sors (9a, 9b) capable of sensing changes of tem- 
peratures of the respective tubes from a standard 
temperature to working temperatures with fluid 
flowing in the flowmeter and instrumental-error cor- 
recting means (40) is provided for correcting an 
instrumental error for a difference between a stand- 
ard resonant frequency at a standard temperature 
and a resonant frequency at a temperature deter- 
mined when working with a flow of the fluid, said 
measured resonant frequency varying according to 
elastic moduli of materials and shapes of the inner 
tube and the outer tube. 

4. A coriolis flowmeter as defined in any one of claims 
1 to 3, characterized in that the inner tube (1) and 
the outer tube (2) have respective temperature sen- 
sors (9a. 9b) capable of sensing changes of tem- 
peratures of the respective tubes and determining a 
difference between temperatures of the two tubes, 
which differential temperature causes a differential 
change of axial loads of the inner tube and the outer 
tube, and an instrumental-error correcting means 
(40) is provided for correcting a change of an instru- 
mental error to be caused by a difference of a reso- 
nance frequency from a standard resonance 
frequency, said difference being resulted from a dif- 
ference between temperatures of the inner tube 
and the outer tube. 



a double conduit composed of an inner tube (1) so 
in which fluid to be measured flows and an 
outer tube (2) coaxially mounted on the inner 
tube (1) and secured at both ends (3, 4) 
thereto, said outer tube (2) having a balance 
weight (8) attached thereto for equalizing a nat- ss 
ural frequency of vibration of the outer tube (2) 
with a natural frequency of vibration of the inner 
tube (1); driving means (5, 20) for driving the 



5. A Coriolis flowmeter having a converter which is 
comprised a double-tube body composed of an 
inner tube (1) in which fluid to be measured flows 
and an outer tube (2) coaxially mounted on the 
inner tube (1) and secured at both ends (3, 4) 
thereto, said outer tube (2) having a balance weight 
(8) attached thereto for making a natural frequency 
of vibration of the outer tube (2) equal to a natural 
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frequency of vibration of the inner tube (1); driving 
means (5, 20) for driving the double-tube body (10) 
at a resonant frequency having a constant ampli- 
tude; and a pair of sensors (6, 7) for detecting a 
phase difference proportional to a Coriolis force 5 
acting on the double-tube body (10), characterized 
in that the converter determines a mass flow-rate 
according to outputs of the paired sensors (6, 7) 
and has temperature detecting means (9a)' for 
detecting a temperature of the inner tube (1), tern- w 
perature detecting means (9b) for detecting a tem- 
perature of the outer tube (2), temperature 
correcting means for compensating an instrumental 
error according to a change of temperature of the 
inner tube (1), temperature difference correcting 15 
means for compensating an instrumental error 
according to a difference between a temperature of 
the inner tube (1) and a temperature of the outer 
tube (2), resonant frequency correcting means for 
compensating an instrumental error caused by a 2 o 
difference of a resonant frequency of the oscillating 
double-tube body (10). said frequency measured 
with a flow of fluid passing therethrough, from a res- 
onant frequency of the oscillating double-tube body 
(10), said frequency measured with a flow of cor- 25 
rected and standarized fluid passing therethrough 

and an instrumental error correcting means (40) for 

correcting an instrumental error according to a sum 
of respective compensative instrumental-error val- 
ues determined by the temperature correcting 30 
means, the temperature difference correcting 
means and the resonant frequency correctino 
means. M 



A conolis flowmeter as defined in any one of claims 
1 or 2 or 5, characterized in that the oscillating dou- 
ble conduit comprises a flow tube (1 1) in which fluid 
to be measured flows and a linear tube type counter 
balance (12) secured at both ends (13, 14) to the 
flow tube (1 1 ) as being parallel to the flow tube axis 
and said linear tube type counter balance (12) is 
provided with a balance weight (8) for equalizing a 
natural frequency of vibration of the counterbalance 
with a natural frequency of vibration of the flow tube 



so 
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